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Regeneration of body structures is an ability widely but unevenly distributed amongst
the animal kingdom. Understanding regenerative biology in metazoans means
understanding the multiplicity of the cellular and molecular mechanisms that lead
to the differentiation, morphogenesis and ultimately the development of a particular
regenerating unit. In this manuscript we critically assess the evolutionary considerations
suggesting that regeneration is an ancestral trait rather than a mechanism independently
evolved in different taxa. As a general method to test evolutionary hypothesis
on regeneration, we propose mechanistically dissecting the regenerative processes
according to its conserved chronological steps: wound healing, mobilization of cell
precursors and morphogenesis. We then suggest interpreting regenerative biology from
an evo-devo perspective, proposing a possible theoretical framework and experimental
approaches without necessarily invoking a common origin or only multiple losses of
regenerative capabilities.
Keywords: regeneration, development, phylogenesis, evo-devo, developmental modularity, robustness,
evolvability, developmental constraints
Introduction
On the 25th November 1740, Abraham Trembley first cut a polyp in two, initiating a modern
research program on regeneration, a phenomenon that continues to fascinate and mystify today.
Long studied, but poorly understood an enduring question has been the explanation of its
phylogenetic distribution, i.e., the uneven distribution amongmetazoans of the ability to regenerate
tissues, organs, parts of or even whole bodies. For a good part of the past century it was thought
that regenerative potential was confined to a few invertebrate taxa. Today it is clear that this is not
the case, and some sort of regenerative ability is widespread, although unevenly distributed across
the animal kingdom (Carlson, 2007).
In the last decades, advances in molecular biology, have renewed interest in the phenomena
of regeneration. The literature on this topic has been enriched with new laboratory models
thanks to adaptable technical protocols and more affordable access to genomic and transcriptomic
approaches (Vickery et al., 2001; Candia Carnevali, 2006; Kürn et al., 2011; Bely, 2014; Jeffery, 2015).
Knowledge of more classical models such as planarians, annelids, and urodela has grown, providing
important findings on the cellular and molecular dynamics of their regeneration potentials
(Alvarado and Tsonis, 2006; Tanaka and Reddien, 2011; Bely, 2014). This renewed interest in
regeneration has also included models like Drosophila and C. elegans, where highly developed
technical tools present novel channels of enquiry, despite limited regenerative response to injury
triggered in their adult form (Ghosh-Roy and Chisholm, 2010; Worley et al., 2012).
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Consequently, diverse data on regenerative responses are
being collected on a variety of taxa at a great rate (Alvarado
and Tsonis, 2006; Brockes and Kumar, 2008; Bely and Nyberg,
2010). Molecular information complements anatomical
and morphological descriptions of the regenerative events
widespread in the animal kingdom (Vorontsova and Liosner,
1961), and raises the possibility of answering key questions
regarding the underlying similarities of these processes.
Regeneration is not, however, a universal feature of metazoans.
Answering evolutionary questions about regeneration can
provide a wider and deeper interpretation of the phenomenon
(Brockes et al., 2001), mainly by comparing regenerating versus
non-regenerating structures and animals. There is however, a
widespread tendency to reduce a complex and highly diverse
phenomenon to a unique trait. This trait is then mapped onto
animal phylogenies as a single character, and its presence in
the last common ancestor of animals appears self-evident, with
the variability of “regenerative potential” among the animal
kingdom typically explained by invoking adaptive mechanisms
of its maintenance and secondary loss (Brockes et al., 2001;
Brockes and Kumar, 2008; Bely, 2010; Bely and Nyberg, 2010).
Although it is possible, even probable, that the last common
ancestor of extant animals possessed some level of broadly
defined regenerative ability, and that aspects of the regenerative
abilities of contemporary animals are, in some sense, historically
continuous with this, the evidence that such a view can be
transferred to the level of cellular and molecular mechanisms
needs to be critically assessed. If these cellular and molecular
mechanisms of regeneration are not conserved, and the parts
being regenerated are not conserved, is there anything to be
gained by considering the phenomena homologous? The arm of
a starfish is not directly comparable to the leg of a salamander.
Although it may be true that the phenomenon of regeneration
is shared between the two (if cut off, both will grow back), it is
unclear what we might mean if we say it is conserved, unless
we can identify component mechanisms in common between
the two. The problem is loosely analogous to that of deciding
whether the eyes of insects and vertebrates are homologous:
we can infer from the shared presence of eyes in many animal
phyla that their common ancestor had some sort of eye, but we
must carefully define and breakdown the developmental and
structural components to identify which, if any, are shared by
descent from that ancestor. It is precisely this methodology
that has allowed the evo-devo field to discuss eye homology
in a more nuanced manner than “eyes have evolved x times
independently.”
We examine and critically assess the idea that regeneration
might be an ancestral trait, as opposed to the possibility
that important aspects of regenerative phenomena may have
independent origins in different lineages. In particular, we
suggest that, as a complex trait, it is unhelpful to consider the
distribution of regeneration on phylogenetic trees without first
mechanistically dissecting the overall process according to its
conserved chronological steps: wound healing, mobilization of
cell precursors and morphogenesis. We advocate interpreting
regenerative biology from an evo-devo perspective; we propose
one such framework and experimental approaches.
Homoplasies and Homologies
The term regeneration is a label attached to many different
molecular and cellular phenomena. It covers an extensive and
heterogeneous array of processes present in metazoans that have
the common result of restoring, partially or totally, a lost body
part, at levels covering cells, tissues, or organs, to the extent of the
entire body.
We can deconstruct regeneration, comparing it among taxa
and following its various evolutionary trajectories, by dividing
it into sequential mechanistic events. Our breakdown is biased
by events/phases that have been described in the literature as
conserved between various taxa. We thus split the regenerative
process into wound healing (that is, repair of epithelia), followed
by an activation of originators, or precursor, and developing with
a series of morphogenetic events that lead to the total or partial
reconstitution of the lost portion of the body. This approach
is particularly suitable if we consider a level of structural
complexity that goes beyond the tissue level, i.e., organ level, body
appendages or whole bodies.
Wound Healing
Injuries that lead to the disruption of a certain structure, also
involve the disruption of some kind of epithelia. Wound repair
mechanisms lead to a prompt re-epithelialization in order to
restore a barrier against pathogens, to prevent loss of cells
or tissues or, for example in aquatic organisms, to prevent
osmotic shocks. The initial phases of wound healing, such as
transcription-independent cellular effects like cell shape changes
and formation of functional actomyosin structures triggered by
the diffusion through the epithelial tissues of Ca2+, hydrogen
peroxide (H2O2) and ATP are shared by almost all metazoans
(Cordeiro and Jacinto, 2013). Such responses are tightly bound
to some sort of “immune response,” i.e., the infiltration in the
wound area of immune cells. This varies between organisms,
and ranges from the transient intervention of amoeboid cells
in cnidarians to the complex adaptive immune response of
vertebrates (Kawakami and Nakanishi, 2001; Eming et al., 2009;
Nakanishi et al., 2011; Palmer et al., 2011; Gold and Jacobs,
2013; Dubuc et al., 2014; Wenger et al., 2014). The relationship
between wound healing, particularly the immune response phase,
and the regenerative event is not clear, and is probably not a
conserved feature (see next section). Regardless of whether it
is followed by full blown regeneration of underlying damaged
structures, or simply barrier repair, wound healing is ubiquitous
in metazoans, and it is not unreasonable to assume that this is
a primitive feature, present in the earliest animals, with aspects
conserved in modern animals. Grainyhead transcription factor
family members, for instance, are needed for epidermal barrier
repair in the fly and in the mouse, controlling expression of
proteins involved in cross-linking barrier components. Although
this suggests a repair role was present in the bilaterian ancestor,
whatever type of epidermis it may have had, the fact that
Grainyheads also have a role in epidermal barrier formation
during development, means that, on the evidence presented, it is
not possible to rule out independent recruitment to repair (Mace
et al., 2005; Ting et al., 2005).
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Precursors: Origin of Regenerating Elements
The source of the precursors, i.e., the regenerating cells, is
one of the clearest processes of regeneration that can be
evaluated in an evolutionary framework in order to compare
the multiple mechanisms adopted to restore a structure. The
source of regenerating cells falls into three main categories: (1)
proliferation and differentiation of adult stem cells, either present
in the injured tissues or migrating from another region of the
body; (2) dedifferentiation or trans-differentiation of somatic
cells present in the remaining tissue; or (3) proliferation of cells
from the remaining differentiated tissues (Carlson, 2007).
The role of some sort of somatic stem cells, carrying different
degrees of potency, has been documented during regenerative
events in different taxa across metazoans. Totipotent archeocytes,
have been described in demosponges (Funayama, 2013; Alié
et al., pers. comm.). These cells express a molecular signature,
including DNA-integrity protection systems with homologs of
Piwi, Nanos, Vasa, Tudor, which characterize “stemness” in both
germline and somatic multi- or pluripotent stem cells across
metazoans (Önal et al., 2012; Solana, 2013; Alié, pers. comm.).
However there is still a lack of information about the uneven
distribution of regenerative capabilities among different species
of poriferans and their different, or similar, mechanisms of
regeneration (Wulff, 2010, 2013), so the significance of these stem
cells for regeneration is still not completely clear.
In cnidarians, regenerative capability has been reported
across the whole phylum (Technau and Steele, 2011). However,
multipotent somatic cells, called interstitial cells (i-cells), have
only been described in hydrozoans (Leclère et al., 2012; Gold
and Jacobs, 2013) where they can coexist with other restricted
stem cells capable of differentiation into more specialized cell
types (Müller et al., 2004; Hobmayer et al., 2012; Gold and
Jacobs, 2013). Homologues of i-cells seem to be absent in other
classes of cnidarians. Taken together with their phylogenetic
position it is likely that i-cells are a derived feature of hydrozoans,
rather than ancestral to the cnidarians (Technau and Steele,
2011; Gold and Jacobs, 2013). Instead, other mechanisms
seem to provide the regenerative cells in the other classes.
Proliferation of cell populations with a restricted fate seems
to be the source of the multiple cell types necessary for the
regeneration of the lost structure in some species of anthozoans
(Passamaneck and Martindale, 2012). Particularly, a population
of lineage-restricted multipotent neural precursors, expressing
SoxB, have been identified in Nematostella (Richards and
Rentzsch, 2014). Regeneration in cnidarians also occurs via cell
transdifferentiation as reported for the regeneration of striated
muscle in the hydrozoan jellyfish (Galle et al., 2005), and also
in Hydra, where this coexists with stem cell based mechanisms
(Siebert et al., 2008).
Two of the major clades of regenerating animals are
found among flatworms. Within the platyhelminthes, the
classic regenerative model Schmidtea mediterranea belongs to
Tricladida. Recent phylogenetic work suggests this order is
relatively late branching within the phylum as a whole, forming
a clade with Bothrioplanida, and Neodermata united by a lack
of spiral cleavage and centrosomes (Egger et al., 2015; Laumer
et al., 2015), suggesting its derived nature. Neoblasts, however,
and regenerative capabilities in general are also present in the
more basally branching orders Macrostomorpha and Catenulida
(Dirks et al., 2012; Martín-Durán and Egger, 2012). Egger and
co-workers note that most flatworm taxa lack the ability to
regenerate brain, eyes, pharynx and statocyst (Egger et al., 2007).
The other major clade of regenerating flatworms are the acoels,
where at least one species shares the regenerative mechanisms
of planarians, i.e., the presence of neoblasts, defined by their
behavior and by the expression of Piwi, and conserved toolkit of
axes formation (De Mulder et al., 2009; Srivastava et al., 2014).
The relationship between acoela and platyhelminth regeneration
is discussed below.
Among ecdysozoans, cellular and molecular studies on
regeneration have been less extensive and have mainly looked
at limb regeneration in adult arthropods (Maginnis, 2006), and
regeneration of imaginal discs in Drosophila (Worley et al.,
2012). A recent study suggests the role of lineage-specific cells
for limb regeneration in the crustacean Parhyale hawaiensis.
In particular, similarly to vertebrates, a population of Pax3/7-
expressing muscle satellite cells seems to be directly involved in
muscle regeneration (Konstantinides and Averof, 2014).
In deuterostomes, the origin of regenerative cells appears to
be heterogeneous. Colonial ascidians seem to employ totipotent
stem cells, expressing Piwi and Vasa markers, during whole body
regeneration in botrillidae (Brown et al., 2009a), but in other
species cell transdifferentiation is implicated (Kawamura et al.,
2013), or even the coexistence of multiple systems, involving the
presence and dedifferentiation of multipotent epithelial cells and
mobile cells (Kawamura et al., 2008; Tiozzo et al., 2008). In Ciona
intestinalis, a solitary species of ascidian, the regeneration of the
oral siphon involves the local differentiation of progenitor cells
whose identity is uncertain (Auger et al., 2010; Jeffery, 2015).
In vertebrates the modus operandi of the regenerative precursor
differs. Among teleosts, zebrafish can successfully regenerate
heart, retina and fins. Cell dedifferentiation, transdifferentiation
and proliferation of cardiomyocytes drives the regeneration of
the cardiac muscle (Jopling et al., 2010). Retinal regeneration is
tuned to regenerate specific cell types that have been damaged,
starting from a subset of glial cells (Müller glia), which
dedifferentiate and re-enter mitosis to produce multipotent
neural progenitors (Gemberling et al., 2013). Fin regeneration
involves the formation of a blastema and while it is not possible
to exclude rare cell transdifferentiation events, it seems that
the regenerative cells are lineage restricted, i.e., osteoblasts,
epidermis, endothelial cells and fibroblasts (Gemberling et al.,
2013). Similar lineage restrictions have been observed in mouse
digit tip and axolotl limb regeneration (Kragl et al., 2009;
Lehoczky et al., 2011).
The cellular nature of the precursors of the different
regenerative events seems to fall into three fundamental
scenarios, (1) the presence of somatic cells that retain stemness
and different degrees of potencies, (2) the ability of differentiated
cells to de- or transdifferentiate, or (3) the presence of
differentiated cells that replace those missing by proliferation.
These different mechanisms are scattered among metazoans,
sometimes co-existing in the same species, and their evolutionary
history is still far from being resolved.
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Morphogenetic Events in Regeneration
The morphogenetic phase of regeneration is the macroscopic
reconstruction of the lost part. Although it is not always clearly
identifiable, it is convenient to define a boundary between the end
of precursor mobilization, and the beginning of the actual phase
of morphogenesis. This phase encompasses the processes of cell
fate control, fixation/implementation of positional memory, re-
patterning and growth control. The final result is the rebuilding
of the same, or a similar, functional structure which was present
before the injury. Morphogenesis during regeneration often
closely resembles themorphogenesis of the same structure during
embryonic development and during tissue renewal in normal
body homeostasis. For instance retinoic acid (RA), FGFs and
Wnts are highly conserved signaling pathways involved in a
multitude of cellular processes that range, for example, from
regulation of cell proliferation or apoptosis to tuning stem cell
behavior (Clevers et al., 2014). It has been shown that Wnts
for example, coordinate tissue dedifferentiation and also tune
progenitor cells during structure regeneration in cnidarians,
planarian, amphibians and teleosts (Guder et al., 2006; Reddien,
2011; Jager et al., 2013; Lin et al., 2013; Wehner et al., 2014).
Positional information of blastema cells during limb regeneration
in amphibians is affected by retinoids, mainly by influencing the
expression of homeobox genes (Gardiner et al., 1995; Mercader
et al., 2005). RA also has a role in the transdifferentiation of
epithelial cells during gut regeneration, budding, and whole
body regeneration in colonial ascidians (Hisata et al., 1998;
Kamimura et al., 2000; Rinkevich et al., 2007). By directing
intracellular signals, the Hippo pathway intersects directly with
several master signaling cascades and acts as an integration
point, particularly maintaining the correct organ size during
development and homeostasis across many metazoans (Pan,
2007; Mauviel et al., 2011; Varelas and Wrana, 2012). The Hippo
pathway, and its effectors YAP and TAZ, act as mediators of other
protein signaling pathways that influence cell-fate, proliferation,
apoptosis, cell shape and cell movement. However, the same
molecules also have a role in regulating stem cell self-renewal
and expansion in regenerative processes in different phyla (Zhao
et al., 2011; Demircan and Berezikov, 2013; Johnson and Halder,
2014; Lin and Pearson, 2014). Wnt, BMP and Nodal represent
the signaling pathways defining the body axes during embryonic
development, at least in bilaterians. These pathways were possibly
present in the most recent common ancestor of all metazoans
(reviewed in Holstein et al., 2011) and their involvement in
whole body or body structure re-patterning has been reported in
cnidarians, acoel, platyhelminthes, and deuterostomes (Holstein
et al., 2003; Yakushiji et al., 2009; Adell et al., 2010; Reddien, 2011;
Srivastava et al., 2014; Watanabe et al., 2014).
The use of the canonical developmental signaling pathways
during re-patterning and morphogenesis clearly suggests that
regeneration is an epiphenomenon of development. It is
commonplace to note that repeated use of similar genetic
pathways involving pre-existing building blocks is a recurring
theme in evolution, and there is abundant evidence that this
is also the case in regeneration. As such, the distinctive feature
of a regenerative research program is the identification of
the molecular mechanisms that activate and regulate such
developmental programs in a context other than development.
Despite the presence of conserved molecular modules, when
looking at regeneration of body and structures in metazoans
we come across dramatically different types of morphogenetic
phenomena. The cellular and molecular basis of positional
memory and their comparative aspects in different taxa
are not well understood. In regenerating planarians, for
example, expression dynamics of Wnt/β-catenin and BMP
signaling pathways, which control anterior-posterior and dorso-
ventral axes regeneration, respectively, seem to confirm the
establishment of morphogenetic gradients as mechanisms of re-
patterning, as suggested originally by Morgan (Morgan, 1901;
Adell et al., 2010; Umesono et al., 2013). How neoblasts
and cells in the blastema can interpret the gradients and
whether these gradients are present in the adult or induced
by injury is still uncertain. Similar mechanisms of gradient
generation are present in Hydra, during homeostasis, head and
foot regeneration (Bode, 2009; Chera et al., 2009; Galliot and
Chera, 2010). In a histologically more complex structure, like
the axolotl limb, it seems that the proximo-distal positional
identity is achieved by the cells present in the blastema, without
involving a morphogenetic gradient (Kragl et al., 2009). Very
little is known about the morphogenetic mechanisms, i.e.,
the re-patterning, occurring during structure regeneration in
other metazoans, making it essentially impossible to determine
whether this key step is likely to be conserved between different
phyla, or whether, for instance, different taxa respond to non-
homologous positional cues. One possible approach to highlight
mechanisms of morphogenesis could be to focus on the degree
of restoration of the lost structure by comparing hypomorphic or
heteromorphic regeneration in closely related species (Carlson,
2007).
Regeneration and Ancestral Animals:
Insights from Flatworms
Flatworms have a central role in regeneration studies, and
historically have been used as proxies for the ancestral bilaterian.
Although once grouped together, modern molecular analysis
places acoels (or xenacoelomorphs) and platyhelminthes in
quite distinct phylogenetic positions, the xenacoelomorphs being
either the sister group of bilaterians (Hejnol et al., 2009)
or the deuterostomes (Philippe et al., 2011), whereas the
platyhelminthes robustly nest within the spiralia/lophotrochozoa
(Dunn et al., 2008). With either position of xenacoelomorphs,
if the regenerative abilities they share with Platyhelminthes are
homologous, it would suggest that these abilities were present in
the last common ancestor of bilaterian animals.
The features of this common ancestor are, however, the
subject of much debate. Shared morphological characters and
gene expression patterns have led to the view that it may have
been a relatively large segmented coelomate, with various other
features such as a complex centralized nervous system including
a tripartite brain, a regionalized gut (for a brief review see
Tweedt and Erwin, 2015) and perhaps an “axochord” (Lauri
et al., 2014). As such, the flatworm body type of platyhelminthes
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and, depending on their phylogenetic position, xenacoelomorphs
would be derived. If that is the case, it is not clear that the
regenerative capabilities present in extant animals like flatworms
would have truly homologous equivalents in the last common
bilaterian ancestor, or that this ancestor was adept at regenerating
its more complex body structures. This is an area of some
uncertainty: recent phylogenetic results have questioned the
complexity of the ancestral spiralian, suggesting it may have been
a small acoelomate animal like a flatworm (Struck et al., 2014).
Depending on the phylogenetic position of the xenacoelomorphs,
this does add weight to the argument for a flatworm-like last
common ancestor of bilaterians. Regeneration within the major
groups of spiralia has been reviewed by Bely (Bely et al., 2014),
but the new phylogeny, with paraphyletic platyzoa suggests a
focus on gastrotrichs and the gnathiferan groups could shed light
on the regenerative properties of the spiralian, and hence the
bilaterian common ancestor (Struck et al., 2014).
If, on the other hand, the derived nature of the flatworm body
plan were to be confirmed, it would seemmore than coincidental
that in both cases the simplified morphology comes along with
asexual reproduction and exceptional regenerative properties,
suggesting that, to make a successful organismal strategy, these
traits need to be integrated.
An Evo-Devo Approach to Regeneration
The fact that different taxa adopt different molecular and cellular
strategies to rebuild a lost structure does not explain why,
even within families or genera, the regenerative response to
injury varies so much. We suggest that, in order to understand
regeneration in metazoans, either as a general phenomenon
or as a mix of phenomena, we compare it to the study of
the development of animal forms. The cellular and molecular
mechanisms occurring during regeneration can be treated in
the same manner as ontogenetic phenomena, and therefore
conceptual approaches similar to those employed in comparative
and evolutionary developmental biology can be applied. If we
accept such parallelism, regeneration is faced with the same set
of problems and challenges as evolutionary and developmental
biology, for instance the complexities of the genotype-phenotype
map, i.e., the degree of phenotypic diversity among metazoans,
yet relatively conserved sequence repertoires (Wagner and
Zhang, 2011; Bozorgmehr, 2014). Regenerative events do not
escape from such developmental and evolutionary dynamics, and
concepts like pleiotropy, exaptation, developmental constraints
and variational properties can provide a useful framework to
better understand the phenomena of regeneration and their
evolution. Furthermore, the challenges and the efforts to fit
“regeneration” into a phylogenetic tree lead to more general
challenges linked to evolutionary biology itself, for instance the
definition of homologies, the circumscription of a character,
the delineation of units of selection, and the targeting of the
level of selection. And ultimately, given the difficulty of pinning
down exact origins of regeneration, the comparative study of
these events among different species should be outlined in
terms of evolutionary trajectories rather than origins (Minelli,
2015), especially if one of the aims directing regenerative
biology is to learn something about the limited facility our
species has.
Modularity, Canalization and Evolvability of
Regenerative Mechanisms
Here we sketch a simplified outline to explain the high variability
of regenerative capabilities within relatively phylogenetically
close species by invoking theoretical concepts familiar to evo-
devo, such as modularity, canalization and evolvability (Bolker,
2000; Hendrikse et al., 2007; Wagner and Zhang, 2011).
We consider a species A (Figure 1) that evolved a robust
developmental mechanism (R), e.g., a gene toolkit or a gene
network able to produce a cell behavior or a pattern in space.
The module R is canalized, i.e., it is resistant to perturbation and
it proceeds along certain preferential directions, and therefore
it will have a higher chance to be selected and conserved
during speciation. Species A also contains a module P (plastic),
influencing/interacting with module R. Module P, however, is
in a broad sense more plastic and has a higher ability to
evolve (Pigliucci, 2008). Let us assume that species A has high
ability to regenerate certain structures, competency given by the
interaction of R and P. The species B and C, share A as a common
ancestor and the same module R, e.g., orthologs of a gene or
a gene toolkit. However, selective pressure influenced module
P differently in the two species, maintaining the capability to
regenerate in B and limiting this capability in C. The species D
and E, descending from B and the species F and G, descending
from C, all share the ancestral module R but again, different
environmental conditions acted on module P modifying the
regenerative capabilities, depriving E and conferring G with
regenerative ability (Figure 1). Then, observing closely related
species D-E we find different regenerative capabilities, which
are linked to the evolvability of a particular module (P). The
results are both losses and (re)gains of the regenerative phenotype
regardless of whether the common ancestor A could or could
not regenerate. In the present conceptual framework themodules
could assume the most diverse nature, e.g., gene toolkits,
signaling pathways or regulatory elements.
An example of this theoretical framework could be the
mechanisms suggested to track the evolution of stem cells. Solana
(2013), introduced the concept of primordial stem cells (PriSC),
an ancestral and evolutionary conserved kind of stem cell that
carries germ plasm components from the zygote to the germ
cells. The PriSC is characterized by the expression of a set of
genes, for instance Vasa, Nanos, Piwi, Tudor, which constitute a
conserved germline multipotency program, GMP (Juliano et al.,
2010; Solana, 2013; Alié, pers. comm.). However, this program
is expressed not only in the germline, but is also essential
in organisms that develop asexually and (not coincidentally)
possess high regenerative capabilities (Martinez et al., 2005).
The GMP is expressed in tissues and cells classically considered
to be somatic but that in this case represent the “regenerative
cells,” for example in planarians (neoblasts, Guo et al., 2006;
Reddien et al., 2005; Rossi et al., 2008), hydrozoan cnidarians
(I-cells, Mochizuki et al., 2001; Plickert et al., 2012; Juliano
et al., 2014), ctenophores (Alié et al., 2011), polychaetes (in
the mesodermal posterior growth zone, Rebscher et al., 2007;
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FIGURE 1 | RP theoretical framework. D, E, F, and G represents
existing metazoans species and A, B and C their ancestors,
respectively. R, robust module; P, plastic module, majuscule, and minuscule
represents two variants of the module P. Plus and minus represents the
capacity or the lack of regenerative ability, respectively.
Giani et al., 2011) and ascidians circulating putative stem cells,
(Brown et al., 2009a,b; Sunanaga et al., 2010). In fact, according
to the primordial stem cell hypothesis, PriSCs can exist in a
“rudimentary state,” and contribute only to the germline, or in an
“unlimited state” and contribute, to differing extents, to somatic
tissues (Solana, 2013). The conserved GMP can be considered a
robust (R) module that arose in an early multicellular ancestor
animal, perhaps in response to selection pressure for preservation
of genome integrity (Ghildiyal and Zamore, 2009; Bagijn et al.,
2012; Xiol et al., 2014). It is an essential condition for somatic
stem cells, but its presence tells us nothing about regenerative
capabilities. In organisms where the onset of regeneration is
based on some sort of somatic stem cells, the PriSCs change
only few characteristics. The mechanisms that determine if a
PriSC is “unlimited” or “rudimentary” are not known. Perhaps,
the presence of highly evolvable module P, that regulates the
activation of the GMP, could provide an evolutionary framework
to explain the multiple transitions observed in regeneration.
It is worth remarking that preformation (zygotic germ plasm
is inherited by primordial germ cells and not somatic cells)
and epigenesis (a subpopulation of somatic cells is specified to
become primordial germ cells), the two classic models of germ
cell specification, have a scattered distribution across metazoans
(Extavour and Akam, 2003), reminiscent of regeneration of body
structures.
If we hypothesize that, the mechanism that segregates the
germ plasm to somatic stem cells rather than exclusively
to germline is driven by a highly evolvable module (P),
then we can speculate about the existence of a correlation
between the scattered distribution of the role of somatic
stem cells in regeneration and the modes of germ plasm
segregation.
The RP conceptual framework could also be used to approach
the last step of the regenerative process: morphogenesis. Once
again, planarians are important models to understand variability
of regenerative potential. It has been shown that the limited
regenerative capabilities of the species Procotyla fluviatilis can
be “reversed” by knocking down components of the Wnt/β-
catenin pathway (Sikes and Newmark, 2013). Blocking the same
pathway in the non-regenerating planariaDendrocoelum lacteum
and Phagocata kawakatsui triggers their head regeneration
where naturally it does not occur (Liu et al., 2013; Umesono
et al., 2013). Therefore, interfering with one single signaling
pathway, particularly with its gradient of expression, can reverse
evolutionary loss of regeneration. Although the ultimate causes
leading to gain or loss of regeneration capabilities in planarians
are at the moment purely speculative, these studies in different
regenerating and non-regenerating species represent a milestone
for the understanding of molecular mechanism.
This proposed dual-layer of different evolvability between
two modules can be compared with the kernel theory of gene
regulatory networks (GRN, Davidson and Erwin, 2015), which
propose that the different components of the GRN evolve at
different rates and in response to different selective pressures. The
kernel theory proposes that the establishment of the basic phyla
bauplan is partially due to the evolution of robust “kernels,” i.e.,
nodes of the network, which represent the robust layers and the
diversity of body forms within phyla and these are driven by the
plasticity of other layers of the network. A similar approach, also
at the level of transcriptional regulation might explain the scatter
of regenerative capability within phyla (Garfield et al., 2013).
Goss and Morgan before him, and most of the common
literature, suggest, or imply, a monophyletic origin of
regenerative abilities, followed by multiple losses (Morgan,
1901; Goss, 1992; Brockes and Kumar, 2008; Bely and Nyberg,
2010; Bely, 2010), each pleiotropically linked to adaptations
more beneficial than regeneration (Goss, 1992). According to
the proposed theoretical framework, the scattered capacity of
regeneration among metazoans could be seen as losses, but also
as gains, particularly when viewed at the intra-phylum level
and considered alongside a complex ancestor to the bilateria
(Figure 1). Such a view is made more likely if we consider
regeneration as recruitment of pre-existing modules that have
been conserved for other reasons during the course of evolution.
Constraints and Exaptations in Regeneration
Clearly, the heuristic and over-simplistic nature of the
presented framework is far from explaining the distribution of
regeneration, particularly among different phyla. Whereas it
is true that there are only few comparative studies focused on
loss, and gain, of regeneration capabilities (Bely and Nyberg,
2010), besides the wnt/β-catenin in planarians (Liu et al., 2013;
Sikes and Newmark, 2013; Umesono et al., 2013), there is no
evidence of the existence of master regulators of regeneration,
i.e., genes or gene pathways that simply switch on or off the
ability of a structure to regenerate. Regeneration is clearly a
complex multistate character. Once again we can borrow some
concepts from evo-devo and instrumentally use them to try
to approach regeneration and its distribution. Together with
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the idea of modularity, comes the concept of developmental
constraint, i.e., restraints on phenotype production due to
limited interactions among existing modules (Gilbert, 2000;
Richardson and Chipman, 2003; Gilbert and Epel, 2009). In this
context we can consider the evolution of different developmental
trajectories as potential constraints to regeneration. This
may seem a circular argument but, as the characteristics of a
particular developmental system impact the type of phenotypic
space the descendants of that species can occupy, the same
effects can apply to regeneration. For instance, increasing body
complexity can generate physical and morphogenetic constraints
to regenerative mechanisms. The presence of an exoskeleton, as
in many ecdysozoan phyla could constrain the regeneration of
a body structure just as, for example, it constitutes a limit for
the increase of body size in insects (Nijhout and Emlen, 1998).
Soft bodied animals, where the histological and cytological
structure is more homogeneous could facilitate or restrain
the propagation of morphogenetic gradients and bioelectrical
signals through voltage gradients across the plasma membrane
of cells (Levin, 2012; Levin and Stevenson, 2012; Beane et al.,
2013). In fact, among metazoans, the evolution of particular
body structures seems to interact at different levels during
the regenerative processes. For example, in many regenerative
contexts, both in vertebrates and invertebrates, the transient
presence of regenerating nerves or axons is required for the
correct behavior of progenitor cells and their niches (Kumar and
Brockes, 2012). Recently, Witchley and collaborators showed
that the set of genes that control positional information during
regeneration in planarians, are expressed not in neoblasts, but
in muscle cells, showing the role of musculature during re-
patterning of the planarian body (Witchley et al., 2013). Vascular
networks, and in particular endothelial cells, are emerging as
important signaling centers, essential to coordinate whole body
regeneration in ascidians (Brown et al., 2009a; Rinkevich et al.,
2010) and in vertebrate organs (reviewed in Ramasamy et al.,
2015). Evolution of different components of the extracellular
matrix can also directly foster or inhibit regenerative processes.
For instance, the metalloproteinases, a family of proteinases
conserved across metazoans, seem to have been co-opted to
different roles in regeneration, e.g., maintaining cell identity
during Hydra foot regeneration (Leontovich et al., 2000), sea
cucumber intestine regeneration (Quiñones et al., 2002) and
planarian body regeneration (Isolani et al., 2013). In vertebrates,
Calve and collaborators suggested hyaluronic acid, tenascin-C
and fibronectin as part of a regeneration-specific transitional
extracellular matrix during muscle regeneration in newt (Calve
et al., 2010).
One innovation of vertebrates that has been related to their
limited ability to regenerate complex structures is the evolution
of the adaptive immune system. For example, appendage
regeneration in anuran amphibians is inversely correlated with
development, but is maintained in the adult life of urodeles.
Tadpoles of the anuran Xenopus levis, during the so called
“refractory period,” transiently lose their ability to regenerate the
whole tail (Beck et al., 2003). Fukazawa and colleagues showed
a transitory expression of immune-related genes in this period,
the suppression of these genes or the depletion of immune
cells restored regenerative abilities (Fukazawa et al., 2009). In
anurans, the development of a complex adult adaptive immunity
starts with metamorphosis and it is associated with a progressive
loss of patterned regeneration. In urodeles, metamorphosis is
linked to relativelyminor changes in adaptive immunity (Godwin
and Rosenthal, 2014). The adaptive immune response is an
intricate process itself, and how it affects regeneration is largely
uninvestigated. There is evidence for a correlation between
the loss of regenerative capabilities and the immune response
(Martin and Leibovich, 2005; Eming et al., 2009). The innate
immune system, just like the evolution of any developmental
feature that defines a particular body plan, can interfere with
potential regenerative responses. In the process of tracking and
comparing regenerative events among different taxa, it is difficult
to avoid considering the probable independent evolution of these
other constraints.
Adaptive Significance of Variations in Patterns of
Regeneration
Treating regeneration(s) as a developmental process does
not mean that we have to embrace the rigid view of this
processes as a strictly pleiotropic epiphenomenon associated
with development (Goss, 1992). Even if regenerative events
often co-opt mechanisms and molecular tools from development
and homeostasis, it does not mean that such events proceed
irrespectively of their adaptive value (Morgan, 1901; Goss, 1992).
Studying the adaptability of regeneration is certainly not
a simple task, however, in organisms where regeneration is
tightly linked to asexual propagation, coloniality and their life
history strategies (Berrill, 1951; Bely and Wray, 2001; Kawamura
et al., 2008; Tiozzo et al., 2008; Burton and Finnerty, 2009;
Brown and Swalla, 2012). It is likely that regeneration traits
are subject to selection, mainly because they may be directly
linked to reproductive success. For example, among ascidians
the phylogenetic distribution of solitary species, which reproduce
only sexually, and colonial species that can propagate both
sexually and asexually, is scattered among different clades (Zeng
and Swalla, 2005). Kott suggested that evolutionary transitions
to asexual propagation in many ascidian lineages represent
a derived condition in response to selective pressures for
coloniality rather than an ancestral condition (Kott, 1981). If
instead of focusing on its possible common origin, we consider
the scattered distribution of regenerative traits, it is clear that,
at least within particular clades like ascidians, we have to look
at its adaptive role. Moreover, if we consider that regeneration
capabilities can not only be lost, but also gained multiple times,
for example by mechanisms like those proposed here, then direct
selection can possibly act not only on its maintenance (Bely, 2010;
Bely and Nyberg, 2010) but also on its evolutionary trajectories.
Another possible approach is to look at the trade-offs between
regeneration of particular structures versus living without. For
instance, in populations among many taxa, there is a well-
documented range of structures that can be lost relatively
frequently (reviewed by Bely and Nyberg, 2010). While the
advantages of regenerating damaged portions of the body may
seem clear, the costs of re-developing it are not. In order
to attempt explaining the actual variations we have to take
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into account the “cost and benefits” of structure loss and
regeneration. For example, the comparison of the costs of
appendage regeneration and autotomy shown among a range of
amphibians, reptiles, teleosts and arthropods suggests that the
distribution of resources to restore lost appendages negatively
affects both somatic growth and reproduction (Maginnis, 2006).
It is likely that multiple factors influence the trade-offs, and hence
the selective pressures associated with appendage regeneration.
In order to understand the evolution of regenerative tendencies
in term of adaptations it is essential to consider the ecological
context and perhaps to focus on closely related species. For
example, among species of Demospongiae chosen to represent
four different orders, the susceptibility to damage by predators
or by physical disturbance was inversely related to regeneration
rate, suggesting trade-offs between sets of traits that promote
regeneration and others that dispense with the need for
regeneration (Hoppe, 1988; Wulff, 2010). Comparing similar
wounds among different species showed that the variation
in regeneration was linked to morphological characters and
to the vulnerability to the damaging agents, but not to the
phylogenetic relationships among the species studied (Wulff,
2010). There are only a few studies focusing on the possible
adaptive role of regeneration, trying to identify the effective
environmental agents of selection for a given taxon. Besides
comparing closely related species, it is probably necessary to
focus also on microevolutionary events, such as comparing
individuals experiencing autotomy with or without regeneration.
Conclusion
The evidence against a universal and conserved program behind
regeneration is compelling. Understanding regenerative biology
in metazoans clearly means understanding the multiplicity of
cellular and molecular mechanisms that lead to the activation of
progenitor cells, morphogenesis and ultimately the development
of a particular regenerating unit.
We suggest that in a modern context, Morgan’s classical
regeneration concepts of epimorphosis and morphallaxis may
not be useful if we are trying to find evolutionary relationships
among regenerative processes. Freshwater Planarians (Gurley
et al., 2010) and even in Hydra (Galliot and Chera, 2010),
two classical textbook example of pure morphallaxis, show how
both processes can coexist. Not only can morphallaxis and
epimorphosis occur in the same species, but different species
belonging to the same phylum may adopt very different ways
of regeneration, as is the case with cnidarians (Chera et al.,
2009; Passamaneck and Martindale, 2012) or different species
of polychaetes (Hill, 1970; Bely, 2014). Also, transient structures
like the blastema are not always useful for comparative studies
across distant taxa. Where blastemas can be characterized by a
mass of cells clustering in the area of the wound after closure,
leading to growth and regeneration into new organs or new body
parts, it has been shown that the histological nature of this mass
of cells is different in different regenerative structures (Shibata
et al., 1999; Cebrià et al., 2002; Bosch et al., 2008; Kragl et al., 2009;
Wenemoser and Reddien, 2010; Aboobaker, 2011; Reddien, 2013;
Bely et al., 2014). Additionally in some epimorphic regenerative
events, i.e., where local stimulation of cell proliferation precedes
the development of the new part, there is a lack of structures that
resemble a blastema, such as during the Ciona intestinalis siphon
regeneration (Auger et al., 2010) or the whole body regeneration
in colonial ascidians (Brown et al., 2009b).
To track evolutionary trajectories of regenerative events it
may be more convenient to dissect the conserved chronological
event that occurs during the restoration of a particular structure,
i.e., wound healing, nature and mobilization of the precursors,
and morphogenesis, and compare them in clades that at least
come from the same phylum, or that belong to an even more
restrained taxonomical clade, e.g., class, order or family. From
this starting point regeneration is still a convenient term that
covers a class of diverse molecular and cellular events, and it
is useful to consider it recapitulating normal development, but
it is the modifications and adaptations operating on top of this
that are of central interest to regenerative biologists. Evolutionary
novelties often arise through combinatorial processes (Sanetra
et al., 2005). Therefore, the co-option of conserved genes and
signaling pathways, together with the trans-acting regulatory
factors and their epigenetic regulation (Yakushiji et al., 2007,
2009), could explain why different species have a regenerative
capability without necessarily invoking a common origin or only
multiple losses.
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